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The outbreak of the novel coronavirus (COVID-19) has caused unprecedented disruptions to
financial and economic markets around the globe, leading to one of the fastest U.S. stock market
declines in history. However, in the past we have seen markets recover just as we will see the
current markets recover again, so on this basis the recover of the markets will reach a minimum
before increasing sometimes in the not-too-distant future. Here we present two forecast models of
the S&P500 based on COVID-19 projections of deaths released on 02/04/2020 by the University
of Washington and the 2-months consideration since the first confirmed case occured in USA. The
decline and recovery in the index is estimated for the following three months. The forecast is a
projection of a prediction with uncertainties described by q-gaussian distributions. Our forecast
was made on the premise that: (a) The prediction is based on deterministic trend of a data set since
the viral spread of COVID-19 started , and (b) The uncertainties are fitted from patterns of the
S&P500 for the last 24 years.
I. INTRODUCTION
Immediately following the outbreak of COVID-19, epi-
demiological researchers from around the world have pro-
duced an extensive array of analyses in order to model
the spread, growth, peak, and ultimately the decline of
the disease [1–4]. For countries like China, Japan, Italy,
and Iran, their epidemiological curve of COVID-19 pro-
gression display a peak before the second month since
the first diagnoses cases were detected [5–7]. In coun-
tries like UK, Australia and Germany, the governments
take mitigation measures to slow the impact [1, 2]. As
a consequence, these countries display a flattening of the
caseload curves with a peak generally estimated to be
somewhere between the second to fourth month since the
first diagnosed cases.
The simultaneous reaction of governments, companies,
consumers and media, have created a demand and sup-
ply shock, making COVID-19 a qualitatively different
economic crisis than previous crises [8]. This economic
‘wedging’ of falling supply and demand is caused by
rapidly escalating unemployment decreasing consumer
demand where, in the US for example, 17 million Ameri-
cans have applied for unemployment insurance in the first
three weeks of the crisis [9], and businesses are closing
their doors reducing the supply of manufactured goods
across the globe [10]. As a consequence financial mar-
kets around the world have fallen precipitously and mar-
ket volatility is at near-alltime highs [11]. For example
the S&P500 has registered the worst one-day fall in the
∗ karina.ariascalluari@uni.sydney.edu.au
† fernando.alonso@sydney.edu.au
last 24 years and the third biggest percentage loss in its
history. In this uncertain environment, it is difficult to
forecast the fluctuations of the S&P500. We then need
assumptions as the mortality rates due to COVID-19 or
the duration of the current shutdown of economic activ-
ity. Our central assumption is based on a predicted peak
for COVID-19 deaths. Current results in Figure 1 based
on the daily World Health Organization reports [12] dis-
play that S&P500 responds to the inflection points of the
cumulative amount of deaths and confirmed cases with
no lag. This fact supports our assumption that when
a peak number of deaths occurs, the market reaches a
critical point.
We developed two cases, the first one where the peak
number was located the 23rd of May by the UW [13].
The second one where the peak number of death is con-
sidered 2-months since the first death occurred [14]. Af-
ter this point we expect a recovery period as economic
activity starts to return to normal. To construct the
forecast, we assume that the stock market index can be
decomposed into a deterministic trend and a stationary
stochastic fluctuation. The statistics of the fluctuation
have been obtained by analyzing the Standard and Poor’s
500 (S&P500) stock market index during the 24 year pe-
riod from January 1996 to March 2020 [15]. I(t0) is the
initial point of the stock market index for some time
point t0, and the index I(t) for t > t0 is its time evo-
lution. In these predictions we take to = 24/03/2020
and to = 28/02/2020 for the two different forecast. The
price return at time t is defined by:
X(t) = I(to + t)− I(to). (1)
In earlier work, we used a detrended fluctuation ap-
proach [15] to decompose the price return X(t) into a
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Figure 1. The S&P500 decreased after the WHS (World
Health Organization) reported an increment in confirmed
cases s(t) and number of deaths d(t) due to COVID-19. The
increments in the number of cases are represented with a black
filled point, which are an abrupt change of slope of the first
derivative of s(t)cum and d(t)cum.
deterministic component X(t) and a stationary fluctuat-
ing component x(t)
X(t) = X(t) + x(t). (2)
The trend X(t) was obtained by averaging the index over
a moving time window. The size of the window was one
year, that was optimized to guarantee that the fluctua-
tions around the trend exhibit stationary behavior. By
using a curve-fitting analysis on the S&P500 data over
the past 24 years (see Appendix), we show that the prob-
ability density function (PDF) of the detrended price is
well described by the functional form:
p(x, t) =
1
(Dt)1/α
gq
(
x
(Dt)1/α
)
, (3)
where D, q and α are time-dependent fitting expo-
nents. gq is the q-Gaussian function defined as:
gq(x) =
1
Cq
eq(−x2) (4)
The q-exponential function is eq(x) = [1 + (1− q)x]
1
1−q
and it reduces to the exponential function when q → 1.
The normalization constant Cq for 1 < q < 3 is given by:
Cq =
√
pi
q − 1
Γ
(
3− q
2(q − 1)
)
Γ
(
1
q − 1
) . (5)
The cumulative distribution function (CDF) of the
PDF (Eq.3) of the detrended price return is F (x, t) =∫ x
−∞ p(x, t) dx. The probability that X −X lies outside
the interval [−x, x] is
P (X(t)−X(t) > |x|) = 1−
∫ x
−x
p(x, t)dx. (6)
For this paper we introduce the standarization of the
q−error function
erfq(x) =
∫ x
0
gq(x)dx. (7)
The error function is a special case of q−error function,
for q = 1. Considering erfq(s) and the change of variable,
s = x/(Dt)1/α, then Eq.6 is written as,
P (X(t)−X(t) > |x|) = 1− 2 erfq(x/(Dt)1/α). (8)
We use Eq. (8) to provide a forecast of stock market
based on the recent history of the S&P500 index. The
Figure 2 displays key dates and events in the economic
and financial history of the last 24 years of S&P500. The
market dynamics consists of periods of bull market (sys-
tematic increase of the index) and bear market (system-
atic decrease). The crashes in this plot are discontinuous,
they occur in a very short period of time and look more
like the noise component than the deterministic compo-
nent. For example, during the Global Financial Crisis
(GFC) there is a long-term decline in the value of the
S&P500 that we can interpret as the deterministic trend,
but near the point where Lehman collapses there is a
market crash, in fact there are several very large daily
price movements that are not always attributable to a
specific event. These crashes (both up and down) are
much more like wild noise fluctuations in the sense that
the fluctuations are not differentiable in the stochastic
differential calculus’s sense.
Other particular event can be assumed to be exogenous
to the stock market. For example, the Sept. 11 attacks
are the “go to” example of an exogenous market shock,
totally unpredictable and not initiated by market related
events. There are inherent difficult issues to navigate
when discussing exactly what is or is not exogenous, but
Sept 11 and COVID-19 are unequivocally external to the
market. The DotCom collapse is slightly more compli-
cated, relating to the access of investors to equity rather
than debt (so there is a bull market in equity prices that
slowly collapses into a bear market, but not a leveraged
banking crisis, so the collapse is not a spectacular crash
like the GFC crisis). Discussing the arguments for or
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Figure 2. The S&P500 index I(t) from 02/01/96 to 24/03/20 (24 years). In this data set the largest daily percentage loss of
−11.98% was registered on 16/03/20. Some other key events are also shown for reference.
against these details in a paper that do not hinge on
the details might be counterproductive. However, we
think that using these historical events will help to estab-
lish difference between endogenous/exogenous, and sys-
temic/stochastic risk.
To establish the effect of the COVID-19 on the stock
market, we assume that the COVID-19 has a determin-
istic, exogenous impact in the market. This impact is
simplified as a deterministic response that corresponds
to an initiation of a bear market followed by a slow tran-
sition to a future bull market. As a simplification, we
assume that this transition is dictated by the main quan-
tify of this pandemic which are the peaks on the mortal-
ity rate. Our first crude estimation of this determin-
istic trend (personal communication, April 2,2020) was
made to estimate the trend focussed on the time frame
of 31/01/20 to 24/03/20 of S&P 500 in which a decline
in I(t) was observed. For the construction of trend I˜(t)
two different methods were applied: parabola and hyper-
bola methods. For the parabola method, three conditions
were applied and are illustrated in Figure 3: The initial
point (i) of the predicted trend is I˜(t = 0), the slope (ii)
of I˜(t) at t = 0 is obtained from a linear fitting of the time
frame of 31/01/20 to 24/03/20, the point (iii) where the
recovery is predicted at 60 days, satisfies I˜ ′(60 days) = 0.
For the hyperbola method three similar conditions were
applied: The slope of markets recovery (i∗) is assume to
be 0.5 of the slope of the markets collapse similar to pre-
vious crashes occurred on the past 22-years. The slope
(ii) is the same as previous method and point (iii∗) is the
intersection of the slopes (i∗) and (ii). For both methods
the point (iii) was based on the public information avail-
able by the University of Washington where the death
rate was estimated to peak on 24/05/2020 (60 days from
424
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Figure 3. A downward trend followed by a market recovery is
estimated by applying a parabolic fitting (magenta line) and
hyperbola fitting (blue line). Three steps were applying to
define each deterministic trend. The step ii is the same for
both cases.
I˜(t = 0)). To obtain this prediction of the trend, we
assumed that there is no time lag between the peak of
mortality rate and the time where the market start to
recover. Until this point, we have evaluated the systemic
risk as the deterministic aspect of the market evolution,
which is often neglected by analysts in the determination
of the impact of exogenous factor such as the COVID-19
here. As the next step, we evaluate the risk associated by
the stochastic fluctuations of the stock market by “dress-
ing the deterministic (systematic) risk with a q-gaussian
diffusion process. In a previous publication [16] we found
that the q-gaussian fluctuations of the stock market index
around the trend have distinctive super-diffusion regimes
in the spacio-temporal space (there the “space” refers to
the size of the fluctuation. To allow long-term forecasting
on the order of days, we have extended the analysis for
longer times. Three well-defined regimes are observed in
Fig. 4,
• Zone A: Strong superdiffusion process with short-
time correlations
• Zone B: Weak superdiffusion process with weak
time correlations
• Zone C: Normal diffusion process with no time cor-
relations.
These zones are well-distinguished on time, where Zone
A goes from 0 to 38 minutes, Zone B from 10 days to
28 days and after a crossover period Zone C starts at 30
days (Fig. 4). See [16] for a complete analysis of these
zones and their derivation.
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Figure 4. (a)Three different zones were determined based
on an abrupt slope change of α and q values. The circles
represent the end points of the strong super-diffusion regime
(zone A) from t0 to t = 35 minutes. The remaining area
during the first 35 minutes to 28 days corresponds to a weak
super-diffusion regime (zone B). A normal diffusion process is
reach after thirty days. The gray dashed lines represent the
transitions between each zones.
Two methods were used to calculated the optimal q
for each PDF, a least square method, and one based on
q-moments. The least square method applies Eq.3 as the
fitting function. The second method uses a system of two
equations and two variables, q and α. The first equation
is given by the “second moment” or variance 〈x2〉. The
second equation refers to the “escort second moment”
or q-variance 〈x2〉q2 [17], the q-moments are applied to
PDFs with asymptotic decays because they provide finite
values. We extend the analysis of this derivation in the
supplementary materials section.
The correspondent q and α values that fit each of
these equations are displayed in Fig.A.1(b-c). The q val-
ues were calculated directly after solving the equations
Eqs.A2 and A6. The α values are calculated as the power
law of β value, by averaging the power law over a moving
time window smaller than the transition zone. The re-
sults q and α obtained by applying the q-moments with
blue color (color online) are consistent with the ones cal-
culated by applying the least square fitting method. The
convergence of q → 1 and α→ 2 shows that the PDF of
x is Gaussian when t→∞.
Then, we proceed to construct the forecast of S&P500
using two predicted trends, the parabola and the hy-
perbola Fig.5. We notice that these trends are non-
accurate approximations considering the prices on the
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Figure 5. The decline and recovery on four different trends
due to COVID-19 are observed. The first forecast method
considers to = 24/03/2020 and the second one to =
28/02/2020. For both cases a parabola and hyperbola fit-
ting was used, considering the method previously illustrated
in Fig. 3. The hyperbola method with to = 28/02/2020 dis-
play the most accurate result at the moment to compare it
with the following trading data of S&P500.
following trading days. For that reason both trends were
re-calculated considering a to = 28/02/2020; day when
the first death case occurred in USA; and I˜ ′(60) = 0;
two months after the first case was confirmed. These
new trends display a better performance. Specially the
hyperbola which fit better than the others.
Next, the uncertainty was modeled with the analytical
form of the detrended price by replacing the α and q
values in Eq.3 with their numerical estimates, where D(t)
is a value obtained from A7. Once the stochastic term is
simulated it is added into the deterministic trend to see
the full stochastic path of I(t).
The Figure 6 displays the forecasting result to identify
the range of possibilities during its decline and recovery.
The predicted trend was plot as a hyperbola with to =
28/02/2020 (Figure 5) . The uncertainty is presented by
a shaded contour plot with a scale from 0 to 1. These
values represent the probability of a possible variation
of P (X −X > |x|) which can be visualize as a “cone of
uncertainty”. This probabilistic path of the S&P500 over
the following 60 days (2 months) shows the evolution of
the PDFs of I(t), which diffuses as t increases
We construct a forecasting based on essential public in-
formation provided by the University of Washington on
their web page https://covid19.healthdata.org/united-
Figure 6. The decline and recovery on I(t) due to COVID-
19 is observed from 28/02/20 to the following 2 months. A
downward and upward market predicted trend is calculated
by applying a hyperbolic fitting with no time lag. The uncer-
tainty is represented by a scale from 0 to 1, where represent
the P (X −X > |x|) of each contour line. The economy will
start its recovery after this epidemic peak of deaths
states-of-america. A good forecasting is always an itera-
tive process that can be daily updated considering new
factors and changes. However, a same pattern has been
notice during the last month (Figure 6).
In summary, we have presented a model to evaluate
the stochastic and systematic risk in the stock market.
We have applied the model to forecast the stock mar-
ket response to the COVID-19. We have assumed the
stochastic risk is what market analysts usually work on
based purely on the stochastic term, this is our q-diffusion
process of course. The systemic risk is the deterministic
aspect of the market evolution, this is often neglected
by market analysts for various reasons. we have assumed
that COVID-19 has a deterministic, exogenous impact on
the market and that we are using these techniques that
we’ve been developing over the last years to ‘dress’ the
deterministic (systemic) risk with a q-diffusion process.
However to improve the forecasting method we need to
improve the tools to estimate of the systemic risk.
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Appendix A: Supplementary materials
The probability density function (PDF) of the de-
trended price is well described by the functional form:
p(x, t) =
√
β gq
(
x
√
β
)
, (A1)
where, β = (Dt)−2/α, allows to recovery Eq. 3.
Then, a system of two equations based on variance
〈x2〉 and q-variance 〈x2〉q2 were used to obtain the q and
β values.
The variance 〈x2〉 has a finite value for q < 5/3;
〈x2〉 = 1
β(5− 3q) . (A2)
The normalized q-variance 〈x2〉q2 is defined as
〈x2〉q2 =
∫∞
−∞ x
2p(x, t)q2dx∫∞
−∞ p(x, t)
q2dx
, (A3)
where q2 = q. In general, the q-moments are applied on
PDFs with asymptotically decays because they provide
finite values. The q-moments and the standard moments
are equal for q = 1.
The solution of the numerator and denominator of
Eq. A3 was found by solving first the following integra-
tion
∫∞
−∞ p(x, t) = 1. Where, p(x, t) is defined in Eq. A1.
K(β, q) =
∫ ∞
−∞
[1− (1− q)βx2]
1
1− q dx = Cq√
β
. (A4)
Deriving the K(β, q), the following identity is obtained,
∂
∂β
K(β, q) =−
∫ ∞
−∞
x2[1− (1− q)βx2]
q
1− q dx
=− 1
2
β−3/2Cq
(A5)
Applying the identity solution obtained in Eq. A5 and
replacing in Eq. A3. We obtain:
〈x2〉q2 =
1
(3− q)β . (A6)
The equation system is defined by Eqs.A2 and A6 and is
used to calculate β and q as a function of time. The α
and D values are calculated using:
β = (Dt)−2/α (A7)
We divide the data of S&P500 in overlapping time win-
dows not longer than the transition zones. In each win-
dow the exponent of the power law relation is calculated
as α and then the Eq.A7 is used to calculate D. The
results for q,α and β are shown in Figure A.1
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Figure A.1. Calculation of β and q values by applying Eqs.A2 and A6.(a) The value of β ∼ t−2/α. (b-c) Estimation of q and α
values as a function of time t for Zone B and C. The exponent of the power law relation of β vs t per time window is calculated
as α(t) value. The identification of the transition between weak super-difussion (Zone B) and normal difussion (Zone C) was
made. The convergence to a Normal distribution function is observed when t→∞.
